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INTRODUCTION
Abscisic acid (ABA) plays a crucial role in regulating plant growth and development, including seed dormancy and germination and fruit development and ripening, in addition to mediating adaptation to abiotic stress (Himmelbach et al., 2003; Zhang et al., 2009; Sun et al., 2012a,b) . The regulatory effects of ABA primarily depend on its concentration in plant tissue, which is determined by a balance of biosynthesis and degradation (Chernys and Zeevaart, 2000; Wilkinson and Davies, 2002; Finkelstein, 2013) . ABA levels are increased through two different pathways (Figure 1 ). The primary pathway is a complex de novo synthesis (Cutler and Krochko, 1999; Qin and Zeevaart, 1999; Nambara and Marion-Poll, 2005) . The secondary pathway is a simple one-step hydrolysis of Glc-conjugated ABA (ABA-GE) to ABA by b-glucosidases (BG), which are located in the endoplasmic reticulum (ER) and vacuoles in Arabidopsis (Lee et al., 2006; Xu et al., 2012) .
The levels of free ABA are also decreased through two pathways: hydroxylation and conjugation (Cutler and Krochko, 1999; Qin and Zeevaart, 1999; Kushiro et al., 2004) . Members of the cytochrome P450 707A family (CYP707As) hydroxylate ABA at the 8 0 -carbon position to produce unstable 8 0 -hydroxyl ABA, which subsequently cyclizes spontaneously to form phaseic acid (Kushiro et al., 2004; Okamoto et al., 2006) . The conjugation of ABA with Glc is the main form of ABA glucosylation catalyzed by UDP glucosyltransferases (UGTs), producing ABA-GE, an inactive end product of ABA metabolism (Ross et al., 2001; Priest et al., 2006) . The two catabolic pathways differ in their consequences for plant physiology. The hydroxylation of ABA by CYP707As to produce 8 0 -hydroxyl ABA leads to the irreversible degradation of ABA, whereas the conjugation of ABA and Glc to produce ABA-GE retains a metabolite that can be converted back to ABA by glucosidases (BGs) (Lim et al., 2005; Xu et al., 2012) . Thus, the conjugation catabolic pathway can be considered to be part of the rapid ABA-producing pathway involving the function of BGs. Although the conjugation pathway can inactivate ABA and thereby lower free ABA levels, its contribution to the fine-tuning of free ABA levels is unclear. Over the past several years, both the glucosylation and hydrolysis of ABA have been characterized in Arabidopsis (Kushiro et al., 2004; Priest et al., 2006; Umezawa et al., 2006) and demonstrated to affect ABA bioactivity (Priest et al., 2006; Liu et al., 2015) , although the critical role of UGTs in fruit development and ripening remains unclear.
ABA is considered as an important hormone that regulates fruit ripening. ABA reaches a high level at the onset of fruit ripening in both climacteric and non-climacteric fruit and exogenous ABA treatment promotes fruit ripening (Leng et al., 2014) . Recently, the genes encoding NCED have been shown to promote fruit ripening in tomato and strawberry (Jia et al., 2011; Sun et al., 2012a) . Conversely, CYP707As have been demonstrated to play a negative role in tomato and cherry fruit ripening (Ji et al., 2014; . Unlike ABA de novo biosynthesis and hydroxylation pathway, he role of ABA Glc-conjugation pathway in fruit ripening remains unclear, to date, no gene has been identified that participate in the conjugation of ABA in fresh fruit.
Many glycosyltransferases depend on uridine diphosphate (UDP) in the plant genome YonekuraSakakibara and Hanada, 2011; Caputi et al., 2012) . In plants, UGT mediates glycosylation through the transfer of activated sugar molecules to substrates, and the substrate may be multifarious, with specialists and generalists being observed (Priest et al., 2006; Wang et al., 2013) . The glycosylation of low-molecular-weight compounds typically alters acceptors by increasing their solubility and accumulation and regulating their bioactivity, such as antioxidant and disease-resistant activities (Yonekura-Sakakibara and Hanada, 2011; Ghose et al. 2014; Dong et al., 2014) . ABA conjugates are inactive forms that are stored in the vacuole and transported through the xylem (Jiang and Hartung, 2008) . Only a few UGTs have been characterized in detail in fruits to date, such as strawberry UGTs, which have been isolated and functionally characterized (Almeida et al., 2007; Griesser et al., 2008) . Tomato is one of the most popular fruit crops worldwide (Giovannoni 2001) . Until recently, the glycosylation pattern and function of these enzymes in tomato fruit remained unclear.
In the present study, we selected three SlUGTs that are highly expressed in fruit during ripening. We subsequently purified the three SlUGT proteins and detected their catalytic activity in glycosylation reactions in vitro. Moreover, we selected SlUGT75C1 for further detailed investigation using RNA interference strategy in tomato. The results demonstrated that SlUGT75C1 plays an important role in ABA dynamic balance in tomato.
RESULTS

Selection of candidate uridine diphosphate glucosyltransferases (UGTs)
In order to identify the UGT which catalyzes ABA glucosylation in tomato fruit, we searched 129 UGT-coding genes in tomato using BLAST in the SGN database (http://solge nomics.net/), and these tomato UGTs belong to the UGT subfamilies of family 1 in the superfamily of glucosyltransferases (Ross et al., 2001; Lim et al., 2005 ; http://www.cazy. org/). The expression data of these UGT genes were obtained from the Tomato Functional Genomics Database (http://ted.bti.cornell.edu) and was subjected a cluster analysis ( Figure 2 ). The expression patterns of the 107 SlUGTs revealed that these proteins were widely expressed in tomato plant tissues, such as the bud, roots, leaves, stems, flowers and fruits. Among these enzymes, 19 SlUGTs were highly expressed in fruits during development and ripening, which are clustered together in the top right corner of Figure 2 . We selected three of these SlUGTs that were highly expressed during fruit ripening and flower development. Based on phylogenetic analysis (Figures S1 and S2), these three SlUGTs were identified as SlUGT75C1 (Solyc09 g092500), SlUGT73C4 (Solyc10 g085880), and SlUGT76E1 (Solyc10 g085230). The amino acid sequences of these three SlUGTs were quite similar to AtUGT71B6 of Arabidopsis ( Figure S3 ). Recently, AtUGT71B6 and its phylogenetic neighbors (B7 and B8) have been identified as ABA:UDP glucosyltransferases (Lim et al., 2005; Dong et al., 2014) , implying that these three tomato SlUGTs may be related to ABA. Cloning, prokaryotic expression and catalytic activity of the three SlUGTs
The full-length sequences of SlUGT73C4, SlUGT75C1 and SlUGT76E1 were amplified and cloned into pET28a or pET32a vector. Subsequently, the three UGT recombinants were expressed in E. coli strains and purified (Figure 3a) . The results of bioinformatic analysis of the SlUGTs is shown in Table 1 . To verify whether these three SlUGTs could catalyze the conjugation reaction of ABA/IAA and UDPG, forming ABA-GE/IAA-GE, the enzymatic activity assays of the SlUGTs using ABA/IAA and UDPG as substrates were conducted and the enzymatically formed products were confirmed using reverse-phase high-performance liquid chromatography (HPLC). The product of ABA glucosylation, ABA-GE, was identified at a retention time of 19.95 min when SlUGT75C1 was added to a reaction mixture containing both UDPG and ABA (Figure 3b ). However, ABA-GE was not observed in the reaction mixture containing denatured SlUGT75C1. Conversely, IAA-GE was detected at 17.45 min in a reaction mixture containing SlUGT75C1, IAA and UDP-glucose ( Figure 3b ). Similarly, SlUGT76E1 glucosylated ABA but not IAA in vitro (Figure 3b) , and SlUGT73C4 could not glucosylate ABA and IAA in vitro (Figure 3b ). Further, in vitro catalyze assays were performed in the presence of saturating UDPG and a concentration range of ABA as substrate to determine the kinetic constants of SlUGT75C1 and SlUGT76E1. For SlUGT75C1, the reaction Vmax was 0.026 lM/min, and K m was 1.27 mM; and SlUGT76E1 with a reaction Vmax of 0.007 lM/min and a K m of 3.2 mM (Figure 3c ). The factors influencing the enzymatic activity of SlUGT75C1/ SlUGT76E1 showed an optimum reaction temperature of 37°C ( Figure S4a, c) , while the optimum pH ranged from 3.67 to 8.00 ( Figure S4b ) and 3.87 to 7.00 ( Figure S4d ), respectively.
With respect to the subcellular localizations of SlUGTs, the recombinant SlUGTs fused at the C-terminus with GFP were transiently expressed in tobacco epidermic cells. The results showed that GFP-tagged SlUGT75C1, SlUGT73C4 and SlUGT76E1 were distributed in the cytoplasm and cell nucleus (Figure 4 ). Previous study suggested that Arabidopsis ABA UDP glucosyltransferases AtUGT, B7, B8 and AtUGT71C5 were soluble proteins that localized in cytosol (Dong et al., 2014; Liu et al., 2015) . SlUGT75C1 and SlUGT76E1 also catalyze ABA glucosylation in vitro, suggesting that these two tomato SlUGTs exhibit biological functions similar to AtUGT71B6 in ABA homeostasis. Based on the above results, SlUGT75C1 has multiple functions, mediating the glucosylation of both ABA and IAA in vitro; therefore, this enzyme was selected from the three SlUGTs for further analysis.
Expression patterns of SlUGT75C1
SlUGT75C1 plays a role in fruit development and ripening, primarily at the transcriptional level, as expression of SlUGT75C1 was clearly observed in all tomato tissues throughout development, particularly in the flowers and fruit (Figure 5a-c) . The expression of SlUGT75C1 was Figure 2 . Cluster analysis of the expression pattern of 107 uridine diphosphate glucosyltransferases (UGTs) in tomato. Expression data for 107 tomato SlUGTs in tomato buds, flowers, leaves, roots, and fruits in different developmental stages were obtained from the Tomato Functional Genomics Database (http://ted.bti.cornell.edu). Cluster analysis was performed using Cluster 3.0 software and visualized using Java Treeview. The three SlUGTs with diamond makers are the candidate genes examined in the present study. higher in pulp, where it increased beginning at 30 DAA and reached a maximum value at the pink stage (Figure 5c) . Compared with fruit, the expression of SlUGT75C1 in the seeds was lower (Figure 5c ). The results suggested that SlUGT75C1 might be involved in fruit ripening. The expression of SlUGT75C1 in the flowers is shown in Figure 5(b) . Flower development was divided into nine stages ( Figure S8 ). The expression of SlUGT75C1 was low during early developmental stages and rapidly increased from stage VII, reaching a maximum value at the pre-blossoming stage (stage VIII) ( Figure 5b ). We further detected the temporospatial expression patterns of SlUGT75C1 using in situ hybridization. As shown in Figure 5 (d), at stage I, SlUGT75C1 was highly expressed in the sporogenous cells in the anther, pistil stigma and ovule and in basal vascular bundles ( Figure 5d ). During fruit setting, SlUGT75C1 was highly expressed in the seeds, fruit peel and vascular tissues at 6 days after full bloom (DAFB) (Figure 5e ). These results indicated that SlUGT75C1 plays a role in flower development and fruit ripening.
To further verify whether the expression of SlUGT75C1 responds to ABA, we isolated the SlUGT75C1 promoter sequence (1345 bp) upstream of the translation initiation site ATG from tomato genome. The SlUGT75C1 promoter sequence contains two ABA-responsive elements (ABREs) ( Figure S9 ). To detect promoter activity, the SlUGT75C1 promoter driven GUS construct was analysed in tomato fruits (Figure 5f -h). The expression of GUS was high in fruit (Figure 5g) , consistent with the high expression of SlUGT75C1. The GUS expression displayed a significantly increased upon ABA treatment ( Figure 5h ). This result indicated that the transcription of SlUGT75C1 is induced by ABA.
Generation of SlUGT75C1-RNAi transgenic plants
To examine the role of SlUGT75C1, we inhibited its expression through double-stranded RNA interference, driven by RNAi F3 generations of four other lines, T-3, T-4, T-13 and T-28, were used for the present study. In addition, tissue culture seedlings of T-5 were investigated. As shown in Figure 6 , the expression of the SlUGT75C1 in the SlUGT75C1-RNAi lines T-3, T-4, and T-28 was downregulated; however, the expression of T-13 was similar to the WT during fruit development and ripening; conversely, the expression of SlUGT73C4 and SlUGT76E1 were not altered. ABA level in plant are also regulated by the de novo biosynthesis and hydroxylation pathway. To assess whether these two pathway were altered by SlUGT75C1-RNAi, we examined the expression of SlNCED1 and SlCYP707A2, which are the key gene involved in biosynthesis and hydroxylation in tomato fruit respectively. The expression of SlNCED1 did not differ between WT and SlUGT75C1-RNAi transgenic fruits; however, the expression of SlCYP707A2 was up-regulated compared with WT fruits (Figure 6 ). These results indicated that SlUGT75C1-RNAi did not influence the de novo synthesis of ABA during fruit development and ripening. Enhanced SlCYP707A2 expression prevented excessive ABA accumulation.
Suppression of SlUGT75C1 expression accelerated fruit ripening
To confirm whether the levels of endogenous ABA and ABA-GE were altered by SlUGT75C1-RNAi, their concentrations were detected using HPLC. The results showed that the levels of ABA were significantly up-regulated, while the levels of ABA-GE were significantly downregulated in the four transgenic lines compared with WT fruits at different stages (Figure 7d, e) . The effect of excessive ABA accumulation resulting from SlUGT75C1-RNAi was primarily observed during the fruit ripening stage. Several ripening-related physiological parameters were measured, including the breaker time (days from full flower bloom to the fruit breaker stage), fruit firmness, solid soluble contents and carotenoid contents (Figures 7 and S5 ). The breaker time was 30 days in T-3, T-4 and T-28, which was 2-3 days earlier than that of WT and T-13. T-3 and T-4 exhibited fruit coloring defects, as their fruit was orange instead of red at the harvest stage (Figure 7a, c) . The lycopene contents in the T-3 and T-4 fruits were lower than in WT in the harvest stage. There were no significant differences in coloring among T-13, T-28 and WT fruits. Moreover, when these transgenic lines were grown in the tissue culture room (weak light condition), the coloring levels in T-3 and T-4 were lower than in fruits grown in the greenhouse, with orange instead of red-like WT colors being observed at 10 days after the breaker stage. The differences in color between WT, T-3 and T-4 plants grown in the tissue culture room were greater than for fruits grown in the greenhouse. The contents of soluble solids were slightly lower, and single fruit weights were low in the SlUGT75C1-RNAi lines compared with WT fruits (Figure S5) .
The release of ethylene was advanced in SlUGT75C1-RNAi fruits compared with WT fruits (Figure 7b ), which consistent with the accelerated ripening phenotype. These results showed that the reduced expression of SlUGT75C1 in tomato fruits was correlated with increased ABA levels, leading to advanced release of ethylene and decreased ABA-GE contents in fruits. SlSAND was used as an internal control. The error bars indicate standard deviation (SD) (n = 3). *P-value t-test < 0.05; **P-value t-test < 0.01.
Suppressing SlUGT75C1 expression altered the expression of ripening-related genes
To gain insight into the role of SlUGT75C1 in tomato fruit ripening, several ripening-related genes were examined. qRT-PCR analysis showed that the expression of SlACS2, SlACS4 [1-aminocyclopropane-1-carboxylic acid (ACC) synthase], SlACO1 (ACC oxidase), SlCTR1 (constitutive triple response), SlETR3 (ethylene receptor) and SlERF2 (ethylene response factor) was advanced in SlUGT75C1-RNAi fruits (Figure 8a-f) . In SlUGT75C1-RNAi fruits, the expression of genes encoding polygalacturonase (SlPG1), expansin (SlEXP1), pectin esterase (PEC2) and endo-1,4-bcellulose (SlCEL2) was also initiated in advance in transgenic lines during fruit ripening compared with WT plants (Figure 8g-i) . These results indicated that suppressing SlUGT75C1 expression resulted in excessive ABA accumulation, thereby, affecting the ripening of tomato fruits.
Suppressing SlUGT75C1 expression altered IAA accumulation in immature fruit
In addition,the SlUGT75C1-RNAi transgenic lines T-3, T-4, T-13 and T-28, the transgenic fruits were found to (e) Changes in ABA-GE. The error bars on each column indicate AE standard deviation (SD) from three biological replicates. *t-test P < 0.05; **t-test P < 0.01. accumulate more IAA and to exhibit a high fruit shape index during the early stages of fruit development. As shown in Figure 9 , there were significant differences in the fruit shape index at 5, 10 and 15 DAFB between WT plants and the four transgenic lines. However, at 15 DAFB, the differences in the WT and RNAi lines diminished, and no significant difference in the plants was observed during the ripening stage. Accordingly, during the young fruit stages, the IAA contents of the fruits of the four transgenic lines were higher than those of the WT until 15 DAFB. However, at 15 DAFB, the IAA content was similar to the WT level. These results suggest a relationship between the fruit shape index and excessive IAA accumulation during young fruit development stages.
Effect of suppressing SlUGT75C1 expression on seed germination in tomato
To examine whether SlUGT75C1-RNAi affects other typical ABA-related phenotypes, we assayed the germination rate of seeds in the four transgenic lines. The seeds were sown on half-strength Murashige and Skoog ("MS) medium with or without supplement of 3 lM ABA, and incubated at 25°C, and delayed seed germination was observed in transgenic lines 2-4 days after sowing (Figure 10a ). On medium containing 3 lM ABA, significantly inhibited seed germination in both WT and transgenic seeds was observed. However, germination was more inhibited in the transgenic seeds. Figure 10 (b, c) shows that early root growth was slightly delayed in the transgenic seeds in the 0 ABA treatment and was more inhibited in the transgenic seeds than in WT seeds in the Figure 8 . Expression levels of genes related to ethylene synthesis and signaling, and cell wall catabolism and lycopene biosynthesis in both WT and UGT75C1-RNAi transgenic fruits. Fruits were harvested at 27, 30, 34, 36, 38 or 40 days after full bloom. The data indicate the average values AE standard error (SE) from three biological replicates. SlSAND was used for internal reference. *t-test P < 0.05; **t-test P < 0.01. [Colour figure can be viewed at wileyonlinelibrary.com] presence of 10 lM exogenous ABA. Therefore, the results indicated that SlUGT75C1-RNAi delays seed germination and early root growth because of excessive ABA in seeds.
SlUGT75C1-RNAi enhanced the drought resistance of transgenic tomato plants
To understand whether SlUGT75C1 is involved in the ABAmediated drought response, we investigated the stomatal aperture (Figure 11c ), leaf water loss (Figure 11b) , and the drought stress response (Figure 11a-d) in both WT and transgenic lines. Epidermal peels of leaves were used to analyse stomatal apertures (width and length) in guard cells through microscopic examination. Transgenic plants showed smaller stomatal apertures after drought stress (Figure 11c) . Following, drought tolerance, further analyses were performed using WT and transgenic lines. When water was withheld from 4-week-old seedlings for 16 days, T-3, T-4 and T-28 SlUGT75C1-RNAi plants exhibited significantly higher drought tolerance compared with the WT (Figure 11d) . Four days after re-watering, 75% of the T-3, T-4 and T-28 transgenic lines survived, whereas WT plants did not survive (Figure 11d ). There was no difference in drought resistance between WT and T13. The results showed that SlUGT75C1 plays a negative role in drought resistance. The growth and development of the roots were enhanced in the transgenic lines compared with WT ( Figure 11e ).
DISCUSSION
ABA is a crucial phytohormone for fruit ripening. Fruit ABA homeostasis is regulated by de novo biosynthesis, hydroxylation and conjugation pathway of the hormone. ABA de novo biosynthesis and hydroxylation pathway have been well elucidated, but the ABA Glc-conjugation pathway in fruit has remained unclear. In this study, we provided evidence that tomato SlUGT75C1, which is highly expressed in fruit during ripening, mediates ABA Glc-conjugation and regulates ABA homeostasis in tomato fruits.
In our in vitro ABA Glc-conjugation assay, the K m values of SlUGT75C1 and SlUGT76E1 toward ABA are 1.27 and 3.20 mM, respectively (Figure 3c ). The millimolar range K m indicated that the enzymes are not specific, but SlUGT75C1-RNAi tomato fruit showed increased ABA and decreased ABA-GE level and exhibited ABA-excessive phenotypes. Here we propose a possible explanations. In addition, UGT is a huge family with over 120 members in tomato, ABA Glc-conjugation must be regulated by several various UGT members, and there may be functional redundancy and addictive effect among these UGTs. The similar observations also obtained in Arabidopsis, eight AtUGTs glucosylate ABA in vitro, these include UGT84B1, 84B2, 75B1, 75B2, 71B6, 73B1, 73B3 and 74D1 (Lim et al., 2005) . A single mutation of AtUGT71B6, B7 or B8 in Arabidopsis shows no obvious ABA-related phenotype, but co-silencing of these three genes exhibited ABA-excessive phenotype (Priest et al., 2005; Dong et al., 2014) . AtUGT71C5 has ABA glucosyltransferase activity with a K m value of 0.13 mM, and ugt75c1 mutant display weak ABA-excessive phenotype. On the other hand, the physiological function of an enzyme also depends on the protein level in cell. According to our data, the transcriptional levels of SlUGT75C1 and SlUGT76E1 are very high in tomato fruit, which implies the proteins content maybe high either. The high transcriptional level maybe remedies the low substrate affinity of these UGTs. In the present study, the SlUGT75C1 protein not only catalyzed the conjugation of ABA with UDP-glucose to produce ABA-GE but also catalyzed IAA glycosylation to IAA-GE (Figure 3b ), indicating that SlUGT75C1 possesses catalytic activity for multiple substrates in tomato. Moreover, we investigated whether SlUGT75C1 affects the IAA content in fruit tissue. We observed that SlUGT75C1 exhibits indole-3-acetate b-glucosyltransferase activity and that IAA glucosylation plays a critical role in altering the IAA concentration in fruit during early development stages. In this respect, this enzyme is similar to AtUGT84B1, which displays indole-3-acetate b-glucosyltransferase activity in addition to its ABA glucosyltransferase activity (Jackson et al., 2002) . The results of the present study primarily identified effects of IAA on fruit during the young fruit development period (Figure 9 ), consistent with previous reports concerning IAA (L€ uthen et al., 1999; Ulmasov et al., 1999; Friml, 2003; Quint and Gray, 2006; Teale et al., 2006) . In summary, SlUGT75C1 expression affects IAA levels, which in turn affect young fruit development. Contrary to ABA, the IAA content was higher in young fruits and decreased with fruit development. The IAA content was low at the fruit ripening stage ( Figure S7 ). Therefore, SlUGT75C1 primarily catalyzes the conjugation of ABA and sugar to ABA-GE during tomato fruit ripening. These results suggest that SlUGTs function in a diverse in modulating hormones level during tomato development and ripening.
The subcellular locations of these three UGTs were found to be the cytoplasm and cell nucleus (Figure 4) , consistent with previous reports (Dong et al., 2014; Liu et al., 2015) in which the subcellular location of UGT71B6, UGT71B7, UGT71B8 and UGT71C5 in Arabidopsis was found to be the cytoplasm. The cell nucleus localization of the SlUGTs is perplexing, it is possible related to the binding site of the GFP tag, as shown in Experimental Procedures, GFP is fused to the C-terminal end of the protein. In plants, ABA-GE is stored in the vacuole and apoplastic space (Dietz et al., 2000) , while SlUGTs are located in the cytoplasm and cell nucleus (Figure 4 ). This pathway must be finely controlled to meet the fruit requirements of ABA, as SlUGT75C1 and its substrate are stored separately in the cell and are brought together only when fruits need to decrease the ABA level.
The role of SlUGT75C1 mediated ABA Glu-conjugation pathway on tomato fruit ripening is evaluated in our study. The expression of UGT75C1 increased greatly during ripening, suggesting that SlUGT75C1 plays a role in fruit ripening. SlUGT75C1-RNAi fruits exhibited higher levels of ABA and lower levels of ABA-GE compared with WT fruits (Figure 7d, f) , indicating a major role of SlUGT75C1 in converting ABA to ABA-GE in tomato fruits. These results showed that ABA glucosylation is one of the catabolic pathways present in tomato fruits that can lower ABA levels in response to developmental changes. Importantly, SlUGT75C1-RNAi leads to advancing maturity and altered expression of ripening-related genes, suggesting that SlUGT75C1 plays a role in fruit ripening via ABA glucosylation in tomato. In addition, the expression of CYP707A2 was up-regulated in transgenic fruits (Figure 6 ). In Arabidopsis, downregulation of AtUGT71B6/B7/B8 or AtUGT71C5 result in enhanced expression of AtCYP707As. These results indicate that there could be a feedback regulation mechanism between ABA hydroxylation and conjugation pathway to maintain ABA homeostasis. In the present study, ethylene release was observed to be advanced in SlUGT75C1-RNAi fruits during fruit ripening (Figure 7b ). This result suggests a relationship in which high ABA levels in SlUGT75C1-RNAi transgenic fruits are coordinated with early ethylene release during fruit ripening. Recent transcriptome research indicated that ABA can facilitate ethylene production and response probably by regulating some crucial genes involved in ethylene biosynthesis and signaling (Mou et al., 2016) . Consistent with this result, in our study, high ABA level in fruit result in up-regulation of ethylene-related genes (Figure 8 ). In addition, the accumulation of lycopene in SlUGT75C1-RNAi T-3 and T-4 lines was lower than in WT during ripening (Figure 7a, c) . This finding suggests that the effect of UGT75C1-RNAi on the downregulation of lycopene occurs through changes in ABA or the combined action of both ABA and ethylene (Ronen et al., 2000; Alba et al., 2005) . Based on these results, elevated ABA levels in fruits might inhibit the upstream biosynthesis of carotenoids.
However, seed germination and early root growth are delayed in SlUGT75C1-RNAi transgenic plants and are delayed even further after exogenous ABA treatment (Figure 10) , indicating that SlUGT75C1 is involved in ABAmediated seed dormancy. Under drought conditions, SlUGT75C1-RNAi leads to excessive ABA phenotypes, including a reduced stomatal aperture and low water loss (Figure 11 ). The rapid increase in ABA in fruit in response to drought stress is likely to arise from multiple sources, including increased biosynthesis, phloem import of ABA from the leaves to the fruits, and the release of ABA from ABA-GE (Jiang and Hartung, 2008) . It is well established that de novo biosynthesis under normal and abiotic stress conditions increases the levels of ABA (Seo and Koshiba, 2002; Nambara and Marion-Poll, 2005) . Our data showed that the expression of SlNCED1 in SlUGT75C1-RNAi lines was not increased under drought stress compared with control plants ( Figure S6 ). This finding indicated that enhanced resistance to drought stress in transgenic plants resulted from SlUGT75C1-RNAi, further showing that the conjugation of ABA Glc is important to decrease the level of ABA. The expression of SlUGT75C1 was found to be induced by drought stress, suggesting that the production of ABA in response to drought stress requires the counterbalance of the SlUGT75C1 pathway to prevent excess ABA accumulation. The ABA glucose ester pathway is important, as this conjugation reaction provides a rapid method for balancing ABA levels in fruits to achieve an adequate response to abiotic stress.
In conclusion, we demonstrated that SlUGT75C1, an ABA UGT, alters ABA levels in tomato fruits and plants through the conversion of active ABA to ABA-GE. SlUGT75C1-RNAi dramatically upregulates ABA levels and accelerates fruit ripening. In SlUGT75C1-RNAi transgenic seeds, germination and post-germination growth are delayed, and exogenous ABA increases this delay. SlUGT75C1-RNAi transgenic plants are more resistant to drought stress compared with WT plants. Taken together, these results demonstrated that SlUGT75C1 plays crucial roles in ABA-mediated fruit development and ripening, seed germination, and responses to drought stress in tomato.
EXPERIMENTAL PROCEDURES
Generation of SlUGT75C1-RNAi transgenic tomato lines
Using the PCR primers shown in Table S1 , the 35S::antisense SlUGT75C1::GUS::sense SlUGT75C1::Nos-terminator fusion gene was cloned into pCAMBIA1305.1 (Invitrogen, Carlsbad, CA, USA), and the RNAi constructs were introduced into tomato (Micro Tom) via Agrobacterium tumefaciens LBA4404-mediated transformation. Positive transgenic plants were identified through GUS staining. The T1 generation, showing a 3:1 segregation ratio of transgenic and non-transgenic plants, was considered to represent a single copy insert line. T2 seeds were collected from each T1 plant. The T2 plants that did not show segregation were considered to represent homozygosis lines.
Plant materials
Tomato plants (Solanum lycopersicum L. cv. Micro Tom), including wild-type plants and the nine SlUGT75C1-RNAi lines, were grown under standard greenhouse conditions (25 AE 5°C, 70% humidity, 14 h/10 h light/dark regime, using 20-30 plants from every line). Fruit ripening stages were divided according to the DAFB and fruit color as follows: immature green (IM), 27 DAFB; mature green (MG), 30 DAFB; breaker (B), 34 DAFB; turning (T), 36 DAFB; orange (Or), 38 DAFB; red (R), 40 DAFB and over-ripe (OR), 42 DAFB.
Activity analysis of recombinant SlUGT proteins
The open reading frames of the UGTs were amplified using the primers listed in Table S4 . SlUGT75C1 was ligated into the pET-28a vector, and SlUGT73C4 and SlUGT76E1 were cloned into pET-32a. The SlUGT75C1-pET-28a vector was transformed into Escherichia coli strain BL21 (DE3), and the SlUGT73C4/76E1-pET32a vectors were transformed into E. coli strain OrigamiB (DE3) for expression. After E. coli carrying the SlUGT-pET constructs were grown to a cell density of OD 600 = 0.6, the fusion protein was induced by adding 50 ll of 800 mM isopropyl-1-thio-b-D-galactopyranoside (IPTG). The recombinant protein was then purified using Ni-NTA HisÁBind resin (Merck, Darmstadt, Germany) according to the manufacturer's instructions. The purified protein was analysed via SDS-PAGE (15% [w/v] gel), and the protein was verified through western blotting using a His Tag mouse monoclonal antibody (ABGENT Company, USA). The protein concentration of the eluted fractions was determined using Bio-Rad Protein Assay DC with BSA as a reference.
To analyse SlUGT activity, 50 ll of a purified protein (20-50 lg total protein) was mixed with 1 mM (AE)-ABA, 5 mM UDP-glucose, 5 mM MgCl 2 and 10 mM DTT in a final volume of 200 ll. The mixture was then incubated at 37°C for 2 h, and the reaction was stopped by adding 40 ll of trichloroacetic acid (240 mg ml À1 ). UGT activity was analysed via HPLC (Agilent Technologies 1200, Santa Clara, CA, USA) as described previously (Burla et al., 2013) . The eluate was monitored at 270 nm.
For kinetic assays, 20 lg of an SlUGT protein was added to the reaction mixture with various concentrations of ABA (50-5000 lM). After incubation at 37°C for 1 h, trichloroacetic acid was added to stop the reaction. The ABA-GE content was analysed through HPLC. The kinetic parameters were determined using a Lineweaver-Burk plot.
Subcellular localization assay
Structure of GFP recombinant vectors: To investigate the subcellular localizations of the UGTs, we constructed recombinant UGTs tagged at the C-terminus with GFP, and the coding ORF sequences were cloned into the pCAMBIA1300-GFP vector. The specific primers are listed in Table S3 . The leaves of 5-6-week-old Nicotiana benthamiana seedlings were selected, and Agrobacterium carrying pCAMBIA1300-UGT-GFP was injected into the leaves. The system was subsequently cultured in the dark for 1 day and then in normal illumination for another 2 days. Finally, the infiltrated leaves were examined, and the GFP signals from the infiltrated hypodermis of the tobacco leaves were monitored using a fluorescence microscope (Olympus BX51, Japan) with an optical wavelength of 470 nm at 91000 magnification.
RNA in situ hybridization
Nonradioactive RNA in situ hybridization was performed as described previously (Hord et al., 2006) . Tomato floral buds were collected from stages 1-10 during fruit development and fixed in FAA (3.7% formaldehyde, 5% acetic acid, and 50% ethanol alcohol) fixative. The floral bud samples were vacuumed twice in fixative (10 min each time) and incubated with fixative for at least 2 h at room temperature. The samples were subsequently dehydrated and embedded in paraffin, and 8 lm-thick sections were prepared and mounted on slides. After dewaxing all slides using HistoClear, the slides were dehydrated and baked. The antisense and sense RNAs of SlUGT75C1 were labeled with digoxigenin in vitro through the transcription of linearized pSPT18-SlUGT75C1, which carried SlUGT75C1 cDNA fragments. SlUGT75C1 cDNA was amplified with the following gene-specific primers: GATTTAGGT-GACACTATAGAATGCTCTTAAACTTGGCGGCATTCTCTGAT (forward) and TGTAATACGACTCACTATAGGGATATGGAGTTCACGC GCTACCTCAG (reverse). Anti-digoxigenin antibodies coupled with alkaline phosphatase and nitro blue tetrazolium were used to detect the hybridization signal.
Seed germination assays
Wild-type and transgenic seeds representing the second generation of homozygous transgenic tomato plants, were harvested, aired, and stored for 3 weeks at 4°C. After surface sterilization, the seeds (>30 seeds for each replicate) were sown onto "MS medium containing 0 or 3 lM ABA. The seeds were then germinated in the dark at 25°C for 10 days. Seed germination rates and root lengths were investigated daily during the testing period. Radicle emergence >1 mm indicated seed germination. Three replicate plates were used in each treatment.
Drought stress treatment
Tomato plants, including 30 WT plants and 120 SlUGT75C1-RNAi plants (T-3, T-4, T-13 and T-28), were used in the drought stress experiments. Plants grown under greenhouse conditions were placed under normal watering conditions for 30 days and subsequently divided into two groups with 75 seedlings in each group (15 individuals per experiment, three independent experiments). The seedlings in group I were grown under normal soil moisture and sampled as the control. The seedlings in group II were subjected to drought stress by halting irrigation for 16 days, and the plants were subsequently re-watered for 4 days. The survival rate was investigated at 4 days after re-watering. The relative water content (RWC) of the plants was measured in the leaves at 10 and 16 days after wilting. RWC was calculated as (FW-DW)/FW 9 100, and each measurement was performed in triplicate.
qRT-PCR analysis
RNA extraction was performed using the SV Total RNA Isolation System (Promega, Madison, WI, USA), and the RNA was subsequently digested with DNase I (TaKaRaThe extracted RNA was reverse transcribed to cDNA using the TaKaRa RNA PCR Kit (Takara, Kyoto, Japan). qRT-PCR detection was performed using SYBR Premix ExTaq (Perfect Real Time; TaKaRa Bio) on a Rotor-Gene 3000 system (Corbett Research, Sydney, NSW, Australia) to quantitate gene expression levels. SAND (SGN-U316474) was employed as an internal control. The expression level of each gene was calculated using Rotor-Gene 6.1.81 software with two standard curve methods. The primer sequences are shown in Table S2 .
Measurement of ABA, ABA-GE and IAA Three grams of pulp tissues was extracted with 40 ml of 80% (v/v) methanol at À20°C for 18 h. The methanol extracts were then centrifuged at 10 000 g for 20 min, and the pellet was extracted twice with 20 ml of 80% methanol at À20°C for 2 h. The supernatants were subsequently combined and dried under vacuum, and the residue was dissolved in 10 ml of 0.02 M phosphate assay buffer (pH 8.0) and extracted three times with 10 ml petroleum ether. The organic phase was removed, and the pH of the aqueous phase was adjusted to 8.0, followed by the addition of 0.2 g of insoluble PVPP. After stirring for 15 min at 0°C, PVPP was removed through vacuum filtration. The mixed liquid was adjusted to pH 3.0 and subsequently extracted three times with ethyl acetate. The ethyl acetate phase was dried under vacuum and dissolved in 1 ml 50% methanol (v/v). The ABA content was determined via HPLC (Agilent Technologies 1200) using a 4.8 9 150 mm C18 column (Agilent Technologies), at a flow rate of 0.8 ml min
À1
. Elution was performed using both solvent A [0.8% (v/v) glacial acetic acid] and solvent B (100% methanol). We employed (AE)-abscisic acid (Sigma St Louis, MO, USA), IAA (Sigma), (AE)-ABA-Glu and (AE)-IAA-Glu (Olomouc, Czech Republic) as the standards for determination at 260 nm. Three replicates were conducted for each sample.
Determination of ethylene production
Ethylene production was measured by enclosing three fruits in 1.0-L airtight containers for 2 h at 20°C, then withdrawing 1 ml of the headspace gas and injecting it into a gas chromatograph (Agilent model 6890N) fitted with a flame ionization detector and an activated alumina column. Fresh tissues from each fruit were frozen in liquid nitrogen and stored at À80°C until further use.
Determination of SlUGT75C1 promoter activity
To determine the response of the SlUGT75C1 promoter to ABA treatment, the 1345 bp sequence upstream of the start codon of the SlUGT75C1 promoter region was amplified from the genomic DNA of tomato leaves with the following primers: GAATTCTA-GACGTCAGTGCCAGCTTGC (forward) and CCATGGGAACC-TAAGTTCAGAGTTCGAGGTC (reverse). The promoter fragment was then inserted into the EcoRI and NcoI-digested pCambia1305.1 vector and fused upstream of the GUS gene to replace the CaMV 35S promoter. Tomato fruits, picked at the mature green stage, were soaked in water as a control or in 200 lM ABA for 15 min, after which Agrobacterium GV3101 carrying the above construct was injected into fruits at 2 days after ABA treatment. After 3 days of incubation at 25°C, GUS assays were performed.
GUS staining assay
The GUS assay was performed as previously described (Sun et al., 2012a) . The reaction buffer (50 mM sodium phosphate pH 7.0, 1 mM K 3 Fe(CN) 6 , 1 mM K 4 Fe(CN) 6 and 10 mM EDTA) was mixed with 20 mM X-Gluc (dissolved in dimethyl formamide) at a ratio of 49:1. Plant tissue was then incubated with the reaction buffer for 24 h at 37°C. For better visualization, the tissue was discolored with 75% (v/v) ethanol for 24 h.
Statistical analysis
The data were statistically analysed with SPSS software using one-way analysis of variance and Duncan's test of significance; *t-test P < 0.05; **t-test P < 0.01.
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